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It is commonly assumed that a lattice of skyrmions, emerging in two-dimensional non-
centrosymmetric magnets in external magnetic fields, can be represented as a sum of three magnetic
helices. In order to test this assumption we compare two approaches to a description of regular
skyrmion structure. We construct (i) a lattice of Belavin-Polyakov-like skyrmions within the stereo-
graphic projection method, and (ii) a deformed triple helix defined with the use of elliptic functions.
The estimates for the energy density and magnetic profiles show that these two ansatzes are nearly
identical at zero temperature for intermediate magnetic fields. However at higher magnetic fields,
near the transition to topologically trivial uniform phase, the stereographic projection method is
preferable, particularly, for the description of disordered skyrmion liquid phase. We suggest to ex-
plore the intensities of the secondary Bragg peaks to obtain the additional information about the
magnetic profile of individual skyrmions. We estimate these intensities to be several percents of the
main Bragg peak at high magnetic fields.
I. INTRODUCTION
Topologically protected states of matter attract the
attention of researchers from various fields of science.
One of the well-known example of topologically pro-
tected objects are skyrmions. Despite the fact that the
first appearance of skyrmions is associated with particle
physics1, the study of magnetic skyrmions has become a
rapidly developing field of condensed matter physics over
the last decade2,3. Most discussed magnetic skyrmions
are nanoscale vortex-like configurations. A relatively
small size of skyrmions makes them promising objects for
the developing of new types of data storage devices4,5.
According to the Hobart-Derrick theorem6, topological
arguments alone are not enough to stabilize skyrmions,
while additional conditions are needed to fix a skyrmion
size. Usually, a single skyrmion or a unordered set of
skyrmions can be stabilized in a finite sample: a disc7
or a track (nanoribbon)8. In this case, the stability of
skyrmions is provided by the dipole-dipole interaction
and surface effects. For an infinite system the stabi-
lization of skyrmions is achieved in non-centrosymmetric
magnets, where the combination of the Dzyaloshinskii-
Moriya interaction (DMI)9 and an applied magnetic field
lead to an existence of long-period modulated magnetic
phases, so that single skyrmions appear as elements of a
so-called skyrmion crystal (SkX)10. Probably the best
studied class of non-centrosymmetric magnets is B20
compounds, including MnSi, etc.11
Experimental investigations of such compounds show
that the skyrmion phase in the bulk (also called as A-
phase) exists at finite temperatures, slightly below the
critical one, Tc. Thermal fluctuations are expected to
play a crucial role in the stability of A-phase11. This
phase is observed at moderate magnetic fields, with its
phase boundary far away from the critical (saturation)
field. The intensity maps of neutron scattering experi-
ments show a hexagonal pattern of Bragg peaks in the A-
phase region. It allows to interpret the A-phase spin con-
figuration in two ways: either as a hexagonal skyrmion
superlattice or as a sum of three simple helices with wave-
vectors directed at an angle of 120 degrees relative to
each other11. These two descriptions are not equiva-
lent and may be distinguished in experiments, but the
corresponding difference may be hidden by the exper-
imental specifics and thermal modulation of the local
magnetization12. The latter reason makes thin films in-
vestigations more preferable, where the A-phase is more
stable and exists at T ≈ 013.
It is known that the correspondence between long-
period modulated phases (like a helix) and phases with
a finite soliton density may be exact. One such example
happens in one spatial dimension, where skyrmions are
kinks in the sine-Gordon model14,15. A one-dimensional
magnet with uniaxial anisotropy, DMI and an external
field is described by the sine-Gordon model with the
Lifshitz invariants. This model has been exactly solved
by Dzyaloshinskii as a modified helical configuration in
terms of Jacobi elliptic functions16. As an alternative
(dual) description of this solution, one can consider a
lattice of kinks17–19.
The two-dimensional case is more difficult for model-
ing. Due to non-linearity, the triple helix anzatz as a sum
of three helices is not an exact solution for the ground
state at T = 0. Moreover, one can propose several ways
to construct a ”triple helix” configuration. The simplest
way, usually found in literature (see, e.g.11,20) is a sum
of ordinary (non-modified) helices21.
Recently we showed22 that the stereographic projec-
tion method provides very good estimate of the ground
state energy, while the shape of the individual skyrmions
remains nearly invariant under pressure from its neigh-
bors. The advantage of the latter method is its flexibility
what concerns the the positions and sizes of individual
skyrmions. One can particularly employ this way of de-
scription for the skyrmion liquid state reported in23 at
some magnetic fields.
In this paper, we examine different descriptions of
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2skyrmion lattice state in two dimensions at zero tem-
perature. In Section II, we describe the stereographic
approach for the skyrmion crystal construction. In Sec-
tion III, we remind a general form of the magnetic he-
lix for systems with DMI and magnetic field in terms of
the additional elliptic parameter24. With this generaliza-
tion, we construct the triple helix ansatz in section IV at
T = 0 with normalization conditions for the local mag-
netization. In Section V we compare the modeling by
Skyrmion crystal and triple helix with respect to density
of classical energy, the period of the spatial modulation,
and intensities of higher-order Bragg peaks. Our final
remarks are presented in Section VI.
II. SKYRMION CRYSTAL
We consider the two-dimensional system characterized
by magnetization S(r). At zero temperature the magne-
tization is saturated and can be normalized, S2 = 1. The
classical energy density
E = 12C∂µSi∂µSi −DµijSi∂µSj +B(1− S3) , (1)
where µ = 1, 2 and i = 1, 2, 3. The first term corresponds
to the ferromagnetic exchange, the second one is DMI,
and the last one is the Zeeman energy related to an exter-
nal magnetic field perpendicular to the plane. The main
spatial scale in this model is defined by L = C/D and the
energy scale is D2/C. After appropriate rescaling Eq. (1)
reads
E = 12∂µSi∂µSi − µijSi∂µSj + b(1− S3) , (2)
with the dimensionless magnetic field b = CB/D2.
A single skyrmion is an axially symmetric solution
with a unit topological charge. Multi-skyrmion config-
urations can be described in the stereographic projection
approach22, which is a convenient way to take into ac-
count the interaction between skyrmions and construct
fully periodic configuration of SkX. In this section we
sketch the main idea of such consideration.
For the normalized solution one can write
S1 + iS2 =
2f(z, z¯)
1 + f(z, z¯)f¯(z, z¯)
,
S3 =
1− f(z, z¯)f¯(z, z¯)
1 + f(z, z¯)f¯(z, z¯)
,
(3)
where f(z, z¯) is a complex-valued function of z = x+ iy
and z¯ = x − iy. It was noticed early on25 that every
holomorphic or antiholomorphic function is a solution of
the model without both DMI and an external magnetic
field. One can check in the latter case that one skyrmion
corresponds to f = z0/z¯, and that N - skyrmion solutions
are given by f =
∑N
j=1 z
j
0/(z¯ − z¯j) ; here zj0 define radii
and orientation of individual skyrmions.
When we discuss single skyrmion solution, addition of
DMI and external field may lead to continuous transfor-
mation of the Belavin – Polyakov (BP) solution, without
changing the character of singularities. Our ansatz for
the single skyrmion solution is given by:
f(z, z¯) =
eiακ(zz¯)
z¯
, (4)
with the phase α is eventually determined by the sign
of DMI, and a singularity-free function κ(zz¯) depends
smoothly on the distance from the skyrmion’s center.
The equation for κ is quite nonlinear and can be
solved only numerically. Since κ has the dimension of
length, we choose to consider a dimensionless function
κ˜(y) = (κ(0))−1κ
(
y κ(0)2
)
with the property κ˜(0) = 1.
One could then solve the equation for κ˜(y) for different
boundary conditions. Our primary interest is to find κ˜(y)
on a disc of finite radius which mimics the case of SkX
where one skyrmion is surrounded by its neighbors. The
pressure exerted by this type of environment is modeled
by changing the size of a disc. We found that the func-
tion κ˜(y) is nearly invariant against changes of disc ra-
dius, in contrast to the value of the dimensionless residue,
κ(0)/L. One hence can model multi-skyrmion configura-
tions by the sum
f(z, z¯) =
∑
j
F
(
(z¯ − z¯j)/z(j)0
)
, (5)
where
F
(
z¯
z0
)
≡ z0
z¯
κ˜∞
(∣∣∣∣ z¯z0
∣∣∣∣2
)
, (6)
with κ∞ is the solution on the disc of infinite radius, and
|z0| in this formula is the skyrmion’s size. Both DMI
and a magnetic field bring characteristic scales into the
model, that results in the interaction between skyrmions,
which is the main difference between the model (1) and
BP model. This interaction should be taken into ac-
count in calculation of the energy density for SkX. Be-
cause of strong non-linear effects of the model, the in-
teraction between skyrmions includes not only the pair-
wise (repulsive) interaction, defined for two skyrmions as
U2(z0, a) = E [f1 + f2] − E [f1] − E [f2]. We observed22
that the triple interaction, U3, is also significant (and at-
tractive) and should be considered when discussing the
stabilization of SkX.
The formula (5) allows us to consider the most inter-
esting case of densely packed SkX with the hexagonal
arrangement of skyrmions. The energy per unit cell in
this case is given by:
Ecell(z0, a) = E [f1] + 3U2(z0, a) + U3(z0, a). (7)
Eq. (7) has two parameters: the unit cell parameter of
SkX, a, and the radius of a skyrmion, |z0| ; one should
minimize the density, ρ = 2/
√
3Ecell(z0, a)/a
2 over a and
|z0|. We present the results of this minimization below, in
Fig. 2 and compare it with the triple helix configuration.
3III. SINGLE HELIX
The well known expression21 for single helix configu-
ration in magnets with DMI is given by:
S = cˆ cosα+(bˆ cos (kR + β)+aˆ sin (kR + β)) sinα , (8)
where aˆ, bˆ, cˆ are unit vectors with aˆ = bˆ × cˆ, k is the
helix propagation vector and α is the cone angle. Eq.
(8) is the starting point for analysis of all helical states:
conical, cycloidal, etc. The main question of such an
analysis is the choice of kˆ, aˆ, bˆ, cˆ, the values of k and θ.
All these parameters are determined by particular form
of the Hamiltonian, crystal symmetries, etc.
We are interested in the 2D spatial case, so k
lies in a plane. Parametrizing the basis as aˆ =
(− sinϕ, cosϕ, 0), bˆ = (− cos θ cosϕ, cos θ sinϕ, sin θ) and
cˆ = (cosϕ sin θ, sinϕ sin θ, cos θ), one can show for arbi-
trary DMI, that in the 2D case the vector cˆ lies in a plane,
θ = pi/2, and the cone angle collapses, α = pi/2. It means
that the spin configuration becomes
Sϕ =
 sinϕ sin (kϕR + β)− cosϕ sin (kϕR + β)
cos (kϕR + β)
 . (9)
The angle ϕ defines the plane of magnetization rotation
and in turn determines the direction of kϕ for particular
form of DMI. In this paper we use the relation
kϕ = k(cosϕ, sinϕ, 0) ,
appropriate for our 2D model (1). This case is realized
in the case of cubic symmetry of crystal (B20 compounds
for example), where Dzyaloshinskii vector is parallel to
bonds. Different types of crystal symmetries could lead
to different forms of DMI, and the relation between kϕ
and ϕ could be different.
Actually in the presence of an external magnetic field
perpendicular to the plane, Eq. (8) is not exact solution
of the model16. The well-known fact is that in uni-axial
magnets with DMI the simple helix also transforms to
the chiral soliton lattice (CSL)24. If spins are modu-
lated over xˆ direction and lie in the perpendicular plane,
S = (0, sin (φ(x) + β), cos (φ(x) + β)), then the energy
(2) takes the form
E = 1
2
(∂xφ(x))
2 − ∂xφ(x) + b(1− cos (φ(x) + β)) , (10)
with the resulting Euler-Lagrange equation:
∂2xφ(x) = −b sin (φ(x) + β). (11)
this is the sine-Gordon equation having the quasi-
periodic solution:
φ0(x) = 2 am
(√
b
m
x
∣∣∣∣m
)
− β (12)
with the elliptic parameter m.
We expect that in the presence of additional small
terms in (10) the solution (12) might be no longer ex-
act. In this case we can still use (12) as a general model
form of deformed helix with one control parameter, m:
S˜ϕ =

sinϕ sin
(
2 am
(K(m)
pi kϕR
∣∣m)+ β)
− cosϕ sin
(
2 am
(K(m)
pi kϕR
∣∣m)+ β)
cos
(
2 am
(K(m)
pi kϕR
∣∣m)+ β)
 , (13)
where K(m) is a complete elliptic integral of the first
kind. This expression is the extension of Eq. (9) with
the same spatial period, and additional “degree of ellip-
ticity”. It coincides with Eq. (9) at m = 0.
IV. TRIPLE HELIX
In the literature one can find a statement that SkX
state can be modeled by the sum of three helices with
zero sum of helix propagation vectors. In particular, it
was argued11 that thermal fluctuations stabilize the su-
perposition of three helices at high temperatures in three-
dimensional case. Moreover it has been shown in12 that
second Bragg peaks in neutron scattering can be mostly
attributed to the result of double scattering, and they
have insignificant intensities in comparison with the first
Bragg peaks.
The simple sum of three helices (9):
S3q = Sϕ=0 + Sϕ=2pi/3 + Sϕ=4pi/3 + S0eˆz (14)
has a different magnitude from point to point, i.e.
|S3q(R)| 6= const. For the A-phase of 3D compounds,
the possibility of this variation can be explained by a
closeness to the critical point where the magnitude of
magnetization could vary significantly. But in the planar
case of our interest at T = 0, one should expect the con-
straint |S| = 1. Below we consider several ways to obtain
the normalized triple helix configuration.
A. Triple helix in the stereographic projection
method
As discussed above, the stereographic projection au-
tomatically provides the low-temperature normalization
constraint |S| = 1, which is convenient for a discussion of
multi-skyrmion configurations. It is tempting to use the
method also for construction of a multiple-helix configu-
ration.
One can easily verify that the single helix (9) is repre-
sented by the function:
fϕ = ie
iϕ tan
kϕR + β
2
. (15)
4a) b)
FIG. 1. Schematic pictures of two different types of triple
helix structures modeled in stereographic approach: (a) tri-
angular lattice appearing for β = pi and (b) kagome´ lattice
for β = 0
This function has a striped structure of zeros and poles
lines. At first glance, the sum of three helices of the
form (15) with different kϕ (and β) appears to be a
good choice for description of two-dimensional lattice of
skyrmions. One observes that (i) a sum of two func-
tions f2q = fϕ=4pi/3 + fϕ=2pi/3 corresponds to a lattice
with rhomboid primitive cell and (ii) arbitrary β in (15)
corresponds to simply shifting the origin, R = 0. The
singularity lines of this configuration are shown by black
lines in Fig. 1 and dotted lines correspond to |f | = 1,
i.e. to places where magnetization lies in a plane. The
addition of the third helix, i.e. considering
f3q = fϕ=0 + fϕ=4pi/3 + fϕ=2pi/3 (16)
makes the choice of β not harmless, as can be seen in
Fig. 1. Depending on β = pi or β = 0, two different
configurations of singularity lines appear, corresponding
to different topological charge Q per rhombic unit cell:
for the triangular case with Q = 2, and for the kagome´
case with Q = 3.
Our calculation shows also that this way for the con-
struction of the triple helix leads to the higher energy
density, as compared both to the SkX ansatz from Sec.
II and to the “triple helix” considered in the next sub-
section. Therefore, we do not discuss Eq. (16) in the rest
of the paper.
B. Normalized sum of three deformed helices
As discussed in Sec. III, a magnetic field deforms a
helix configuration into the more optimal configuration,
called as a deformed helix or chiral soliton lattice, Eq.
(13). It seems then only natural to use a more general
combination of three such deformed helices (13) instead
of simple expression (14). To be able to compare the
energies of different configurations, we should normalize
the resulting magnetization :
S˜3q =
S0eˆ3 + S˜ϕ=0 + S˜ϕ=2pi/3 + S˜ϕ=4pi/3∣∣∣∣S0eˆ3 + S˜ϕ=0 + S˜ϕ=2pi/3 + S˜ϕ=4pi/3∣∣∣∣ . (17)
SkX
CSL
DTH
0.0 0.2 0.4 0.6 0.8
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
FIG. 2. Density energy for the Hamiltonian (2) and different
spin configurations
We call this expression the deformed triple helix (DTH)
below.
The expression (17) has three variational parameters
for energy minimization: a pitch of helices k, the elliptical
parameter m and the additional magnetization perpen-
dicular to the plane S0. In terms of the resulting SkX
structure, the pitch k defines the cell parameter of SkX,
while both m and S0 determine the radius and shape
of individual skyrmions. The energy density found for
such an optimal configuration from Eq.(2) is plotted as
a function of magnetic field in Fig. 2. In this Figure
we show also the energy found for SkX ansatz (5) and
for the single deformed helix (13) with optimal param-
eters. It is seen that at a low external magnetic field
bcr1 . 0.25 CSL configuration (13) is energetically favor-
able, and SkX is advantageous in the intermediate region
b ∈ (0.25, 0.8). In its turn, SkX is destroyed by a mag-
netic field at bcr2 ≈ 0.8, when the uniform configuration
delivers the energy minimum. This calculations is in a
good agreement with previous works10,26.
We also note here that the energy difference, δρ, be-
tween configuration (17) with m = 0 and the one with
optimal value of m is not significant, it is δρ ≈ 0.005 at
smaller b ' 0.3 while δρ tends to zero near b ' 0.75.
V. COMPARISON OF THE MODELS
We observe in Fig. 2 that the difference in two de-
scriptions, in terms of SkX and deformed triple helix, be-
comes essential in the region of relatively strong magnetic
fields. More details can be found in analysis of the opti-
mal modulation vector for SkX and DTH, corresponding
to inverse unit cell parameter of SkX, (4pi/a
√
3), and the
pitch, k, respectively. The results are presented in Fig. 2,
it is seen that the DTH solution becomes increasingly
different from SkX in the region of high magnetic fields,
b ∈ (0.6, 0.8). In this region, the SkX with increasing
unit cell parameter is eventually described as a rarified
5gas of weakly interacting skyrmions, and a dissolution or
melting of SkX happens at the critical field b = bc2. At
the same time, the DTH model predicts nearly the same
value of helical pitch up to b ' 0.73 when the uniform
ferromagnetic (FM) state becomes lower in energy. Con-
sidering the density of topological charge p = k2
√
3/8pi2
as an order parameter in the skyrmion phase, one can say
that the transition to the FM state in the DTH model
corresponds to p abruptly changing to zero. It is in-
structive to compare this conclusion with SkX ansatz (5),
where the energy of two skyrmions placed at the distance
R from each other behaves22 as E2 ' 2x+A exp(−R/`),
with x ∼ b − bc2, correlation length in the FM state
` = b−1/2 and A ∼ 1. Minimization of the energy den-
sity, ∼ (x + 3A exp(−R/`))/R2 with respect to R leads
to ρ depicted in Fig. 2. It also leads to the dependence
of topological charge p ∼ (` ln(A/|x|))−2 and the pitch
k ∼ (` ln(A/|x|))−1 in the vicinity of b = bc2. We show
the fit by the latter dependence in Fig. 3 by the red
dashed line. The dependence of p on b near bc2 looks
qualitatively the same and we do not show it here.
Note that Fig. 2 indicates the transitions from SkX
phase to helical and FM states at bc1 = 0.25 and bc2 =
0.8, respectively. According to the recent findings in23,
additional transitions from skyrmion-solid to skyrmion-
hexatic and later to skyrmion-liquid phases happen at
intermediate fields in thin films of Cu2OSeO3 compound.
If we associate the upper critical field found in23 at low
temperatures with bc2, then we obtain the values for the
additional transitions to be b = 0.54 and b = 0.64, respec-
tively. Comparing these numbers with our Fig. 3 we see
that deviations between our DTH and SkX description
happen at higher fields, which correspond to skyrmion-
liquid phase in terms of Ref.23. We saw that SkX mod-
elling (5) provided a better description at higher fields in
terms of the energy. We point out an additional advan-
tage of this description in the anticipated skyrmion-liquid
phase, because the SkX modelling with Eq. (5) does not
require a long-range ordering in positions of skyrmions,
in contrast to DTH and other regular helical structures.
A. Elastic cross-section
The simple formula with a linear combination of three
helices (14) contains only six spatial Fourier harmonics,
i.e. only six peaks in the reciprocal space at kϕ with
3ϕ/pi = 0, . . . , 5. This is what observed experimentally in
high-temperature A-phase in bulk materials11,12. But as
we discussed above, at low temperature for thin films we
should think about normalization of magnetization, and
elliptical deformations (17) should also contain higher
harmonics, kϕ1 + kϕ2.
The cross-section of the elastic unpolarized neutron
scattering on a magnetic structure is given by27:
dσ
dΩ
∝
∑
ij
(δij − qˆiqˆj)〈Siq〉〈Sj−q〉, (18)
0.3 0.4 0.5 0.6 0.7 0.8
0.5
0.6
0.7
0.8
0.9
1.0
FIG. 3. Optimal value of modulation vector for “Triple helix”
and SkX for different values of b. The red dashed line is the
fit of SkX values of k as described in text.
with 〈Sjq〉 =
∫
dr eirq〈Sj(r)〉. For periodic structures,
such as SkX and DTH one can represent the cross-section
as a sum over reciprocal lattice vectors:
dσ
dΩ
∝ C0 +
∑
m,n
Cmnδ(q−mb1 − nb2), (19)
here b1 = kϕ=0, b2 = kϕ=pi/3 and
Cmn =
∑
ij
(
δij − (mb
i
1 + nb
i
2)(mb
j
1 + nb
j
2)
|mb1 + nb2|2
)
× 〈Simb1+nb2〉〈Sj−mb1−nb2〉 .
(20)
We are interested in relative values of intensities of
higher-order Bragg peaks, Cmn/C10. In our models we
find that the magnitude Cmn rapidly decreases with m,n
so that only C11/C10 and C20/C10 are of order of few
percents, while the other coefficients are even smaller in
the whole range of magnetic field. The results of the
calculation for different models of our spin texture are
shown in Fig. 5. It can be seen in this plot that for
magnetic fields in the range 0.3 < b < 0.6, where SkX and
DTH ansatzes yield practically the same energy density,
both these models give similar results for Cij/C10. This
indicates that the spin configuration described by these
two approaches is nearly identical.
The situation changes in the region of higher magnetic
field 0.65 . b . 0.8, when DTH ansatz fails to reproduce
the expected increase in distance between skyrmions. We
note that for well-separated skyrmions of certain shape
within SkX description (5) the magnitude of the higher
peaks C11, C20 is defined roughly by the Fourier image of
an individual skyrmion, 〈Siq〉 taken at q = b1 +b2 , q =
2b1, respectively. DTH ansatz, on the contrary, describes
somewhat deformed triple helix even at fields b ' bcr2,
with insignificant admixture of higher harmonics. As a
result, we see in Fig. 5 that the values of C11/C10 and
6FIG. 4. Maps of predicted intensities for neutron scatter-
ing elastic cross-section for different magnetic fields, b. Delta
functions in 19 are approximated by Gaussians. All maps are
scaled to the intensity of the first Bragg peaks.
C20/C10 predicted by SkX approach are much larger than
for DTH near the melting transition, b ' bcr2.
According to23 (see also28) the perfect skyrmion crys-
tal is melted before undergoing to uniform ferromagnetic
state at b > bcr2. Our predictions for the ratio of ampli-
tudes Cij/C10 should partly survive in the intermediate
skyrmion liquid phase. Instead of the well-defined Bragg
peaks one observes the concentric circles, corresponding
to short range order in the isotropic state. The above in-
tensities C10, C11, C20 should then be associated with the
integrated intensities near |q| = k, |q| = k√3, |q| = 2k,
respectively.
At the same time, the above predictions for C11, C20
cannot be simply compared to Lorentz TEM results,23
where the profile of skyrmions has been modelled by δ-
function, δ(r − rj), as opposed to above Eqs. (3), (4).
VI. CONCLUSIONS
We considered two alternative approaches to construc-
tion of 2D skyrmion crystal at T = 0. The first one is the
modification of the stereographic projection method used
in the seminal paper25 for the pure O(3) sigma model.
The second approach is the generalization of the triple
helix ansatz (17). The numerical analysis of the classical
energy shows that the two approaches yield very close
FIG. 5. Relative intensities C11/C10 and C20/C10 for various
external magnetic fields, calculated with a) skyrmion crystal
(7) approach and b) deformed triple helix (17), respectively.
estimates at intermediate values of an external magnetic
field, b, but are different at lower and higher magnetic
fields, close to critical fields characterizing the transitions
either to single helix or to uniform ferromagnetic phase.
In perhaps more interesting region of higher magnetic
fields, the distance between skyrmions grows, whereas the
size of each skyrmion decreases, so that the description
in terms of a set of skyrmions becomes more appropriate
as compared to the sum of three helices.
In contrast to the skyrmion A-phase in bulk materials,
the SkX for the 2D case or in layered compounds should
contain sizeable secondary Bragg peaks at low temper-
atures. The intensity of these peaks is zero for simple
helices and depends on details of magnetic structure at
low temperatures. Our modeling shows that the intensi-
ties of secondary Bragg peaks C11 and C20 are of order of
a few percents of the primary intensity, C10. These esti-
mates result from the form factor of individual skyrmions
and should apparently survive the melting transition to
the skyrmion liquid phase at higher fields.
In conclusion, the description in terms of a set of in-
dividual skyrmions is more adequate near the transition
to the topologically trivial uniform state in 2D materials.
An investigation of the secondary Bragg reflexes in the
skyrmion state can give the additional information about
the magnetic profile of individual skyrmions.
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